Abstract-In this paper, joint resource allocation and power control for energy efficient device-to-device (D2D) communications underlaying cellular networks are investigated. The resource and power are optimized for maximization of the energy efficiency (EE) of D2D communications. Exploiting the properties of fractional programming, we transform the original nonconvex optimization problem in fractional form into an equivalent optimization problem in subtractive form. Then, an efficient iterative resource allocation and power control scheme is proposed. In each iteration, part of the constraints of the EE optimization problem is removed by exploiting the penalty function approach. We further propose a novel two-layer approach which allows to find the optimum at each iteration by decoupling the EE optimization problem of joint resource allocation and power control into two separate steps. In the first layer, the optimal power values are obtained by solving a series of maximization problems through root-finding with or without considering the loss of cellular users' rates. In the second layer, the formulated optimization problem belongs to a classical resource allocation problem with single allocation format which admits a network flow formulation so that it can be solved to optimality. Simulation results demonstrate the remarkable improvements in terms of EE by using the proposed iterative resource allocation and power control scheme.
the same spectrum with cellular users (CUs), sophisticated resource allocation and power control need to be performed to achieve high SE and EE.
Many works, so far, have been carried out on resource allocation to improve throughput and reduce the interference between D2D and cellular connections [2] [3] [4] . The authors in [2] proposed to limit the minimum distance between CUs and D2D users reusing the same resources to mitigate the interference from cellular transmission to D2D links. A δ Dinterference limited area control scheme was proposed to manage the interference from CUs to D2D users in [3] . For the schemes in [2] and [3] , the transmit power of D2D users is assumed to be fixed. The authors in [4] optimized the system throughput by introducing a sequential second price auction as the resource allocation mechanism, and much channel information need to be exchanged between D2D users and the base station (BS).The above research mainly focuses on improving the performance by using resource allocation.
Apart from resource allocation, power control is also a key technique to achieve high performance [5] [6] [7] [8] [9] . The authors in [5] applied a simple power control method to D2D communications, which constrains the signal to interference-plus-noise ratio (SINR) degradation of the cellular link to a certain level. In [6] , the optimum power allocation for different resource sharing modes was derived. In [7] , the authors devised a new distributed power control algorithm, which iteratively determines the SINR targets and allocates transmit power so that the overall power consumption is minimized subject to a sum-rate constraint. For the algorithm in [7] , a near optimal solution was obtained which requires the slow changing path loss and shadowing matrix knowledge at each transmitter. In [8] , a heuristic scheme was proposed to minimize the downlink transmit power constrained by the demands of users' quality of service (QoS). In [9] , the authors investigated the performance of various power control strategies applicable to D2D communications in long term evolution (LTE) networks, and gained valuable insight by quantifying the performance with respect to a utility function maximization approach. The above research mainly focuses on improving the performance of cellular link or D2D link by using power control.
Many wireless systems of higher capacity are generally designed to improve SE [10] . While the power consumption of mobile devices increases to meet the increasing demand from multimedia applications. In contrast, the improvement in battery technology has been very slow, leading to an exponentially increasing gap between the required battery capacity and the available battery capacity. Therefore, energy efficient system designs which adopt EE as the performance metric have recently draw much attention in both industry and academia. A power-efficient mode selection and power allocation scheme was proposed in [11] , which was performed based on the exhaustive search of all possible mode combinations of the D2D users. In [12] , energy efficient power control schemes in three different resource sharing modes were discussed under the maximum transmission power constraint. In [13] , the authors proposed a global optimization model that takes into account mode selection, resource assignment and power allocation in a unified framework with the aim of minimizing the overall power consumption for D2D communications underlaying a cellular infrastructure. The authors in [14] presented a number of noncooperative power control games for resource allocation in code-division multiple-access (CDMA) networks with emphasis on EE, where the users can choose their uplink receivers, transmission rates, and carrier allocation strategies in addition to choosing their transmit powers. In [15] , lowcomplexity closed-form power control and resource allocation schemes were developed by using a time-averaged bits-perJoule metric for uplink orthogonal frequency division multiple access (OFDMA) systems in frequency-selective channels. To the best of our knowledge, for the existing research on D2D communications, there is no study about joint resource allocation and power control for maximization of the EE.
Motivated by the aforementioned reviews, we formulate the resource allocation and power control problem for energy efficient D2D communications as a nonconvex optimization problem. Exploiting the properties of fractional programming, we transform the considered nonconvex optimization problem in fractional form into an equivalent optimization problem in subtractive form with a tractable solution, which can be obtained with an iterative approach. In each iteration, part of the constraints of the equivalent optimization problem is removed by exploiting the penalty function approach. Then, a two-layer resource allocation and power control scheme is developed to maximize the EE. The proposed scheme converges fast to the optimal solution in our considered simulation scenario.
The rest of the paper is organized as follows. In Section II, the system model of D2D communications underlaying cellular networks is presented and the corresponding EE optimization problem is formulated. In Section III, the joint resource allocation and power control scheme is developed. Simulation results are shown in Section IV. Final conclusions are drawn in Section V.
II. SYSTEM MODEL AND PROBLEM FORMULATION
In this paper, the D2D communications operate as an underlay of the general cellular network which enables local services by a D2D radio. The general cellular network may be LTE network. The D2D operation itself can be fully transparent to the users, and the D2D devices are the general user equipments in the cellular network. A single cell scenario with multiple CUs and D2D pairs is considered as illustrated in Figure 1 . Assume that the uplink resources of CUs are allowed to be reused by D2D pairs, and that all the CUs and all the D2D users are randomly distributed in the cell [16] . Here, one RB refers to one time-frequency resource block which includes 1 time slots and 12 subcarriers. Assume that resource allocation of the CUs has already been accomplished, and that the j-th RB is allocated to the k-th CU. Let P k,B denote the average received power at the BS from the k-th CU. Then, it can be expressed as [3] 
where P k,j denotes the transmit power of the k-th CU on the j-th RB, d k,B denotes the distance between the k-th CU and the BS, κ and χ denote the path loss constant and path loss exponent, respectively.
Assume that the j-th RB allocated to the k-th CU is reused by the i-th D2D pair. Let P i,j denote the transmit power of the transmitter of the i-th D2D pair on the j-th RB. Let R(P i,j ) denote the data rate of the i-th D2D pair on the j-th RB. Then, R(P i,j ) can be expressed as follows
where W denotes the bandwidth of the considered RB, h i,i denotes the channel gain from the transmitter to the receiver of the i-th D2D pair, h k,i denotes the interference channel gain from the k-th CU to the receiver of the i-th D2D pair, and N 0 denotes the noise power. In order to achieve the objective of green communications and to transmit more bits on unit Joule under the constraint of minimum rate requirement, we use the EE of all the D2D users as the optimization objective. The same choice can be found in the literature, for example, the references [17] , [18] . To choose the total EE of all the D2D users, we pay more attention to all the D2D users as a whole. Let P C denote the circuit power consumption of all the considered D2D pairs, and it is a power offset that is independent of radiated power, but derived from signal processing, and battery backup, etc. Let U EE denote the EE of D2D communications, and it can be defined as follows
where x i,j ∈ {0, 1} indicates whether the j-th RB is allocated to the i-th D2D pair. Then, the EE optimization problem can be mathematically formulated as follows
where γ i denotes the minimum rate requirement of each D2D pair, τ denotes the threshold of the allowed interference from the considered CU sharing the same resource with the corresponding D2D pair, and it is set to guarantee that the interference between D2D users and cellular users will not be too serious, P max denotes the maximum transmit power of the transmitter of each D2D pair, and we assume that the maximum transmit power of of the transmitter of each D2D pair is the same. Note that a smaller maximum transmit power of D2D pairs may reduce the energy efficiency of D2D pairs and also reduce the interference to the CUs, and that (4b) and (4c) mean that each D2D pair can only reuse one RB and each RB can not be reused by more than one D2D pair. Note that all the subcarriers included in one RB are characterized by the same channel gains in our formulated EE optimization problem, and hence no single-user diversity is exploited. However, the assumption of constant channel gain in the allocated subcarriers in one RB makes the power control problem more practical, despite it representing a suboptimal solution. It can also be seen from the above EE optimization problem that there is no constraint on the interference produced towards CUs from D2D users. On the one hand, in a real scenario, the transmitter and the receiver of each D2D pair are generally located close, and it is also constrained through (4f) that the maximum transmit power of the transmitter of the i-th D2D pair is not larger than P max . Correspondingly, relatively small P i,j is enough to guarantee reliable and efficient communications between the D2D users of each D2D pair. On the other hand, we have also assumed that the uplink resources of CUs are reused by D2D pairs. Correspondingly, the BS will be affected by the interference generated from D2D users due to P i,j . Generally speaking, the interference level from D2D users tends to be very low due to the low transmit power of D2D transmitters and the distance to the BS. Also, the BS is normally more interference resistant than D2D receivers (e.g. due to more advanced interference rejection algorithms). Therefore, we do not set the constraint on the interference produced towards CUs from D2D users.
III. PROPOSED JOINT RESOURCE ALLOCATION AND POWER CONTROL SCHEME Given the integer assignment variables x i,j , the optimization problem above falls into the scope of combinatorial programming which is NP-hard [18] . The fractional objective function in (4), which is a nonconvex function, makes the problem even more complicated. A brute force approach is generally required to obtain a global optimal solution. However, such a method has an exponential complexity with respect to (w.r.t.) the number of RBs, and it is computationally impracticable even for a small size system. Therefore, we commit to an effective method to solve this challenging problem.
A. Problem Equivalence
We first treat the fractional objective in (4) which can be classified as a nonlinear fractional program [19] . For description convenience, let Φ denote the feasible domain defined by (4a)-(4f). Let q * denote the maximum EE of D2D communications. Then, it can be defined as follows
We are now ready to present the following Theorem.
Theorem 1:
The maximum EE q * is achieved if and only if
Proof: The proof of Theorem 1 is similar to the proof in [17] [18] [19] .
It can be seen from Theorem 1 and [17]- [19] that an equivalent objective function in subtractive form in (6) exists for the considered objective function in fractional form in (5) by exploiting the fractional programming from [19] . Consequently, we investigate the equivalent objective function in subtractive form in the rest of this paper.
B. Iterative Algorithm for EE Maximization
By exploiting an iterative algorithm known as the Dinkelbach method [19] , the equivalent objective function in subtractive form in (6) can be solved. Let s denote the number of iterations, q s denote the temporary EE, and ǫ denote the convergence threshold. Then, the corresponding iterative resource allocation and power control algorithm can be summarized in Algorithm 1.
In each iteration, by using the penalty function approach in [20] , the constraints (4d) and (4f) can be removed for the considered optimization problem in step 2 in Algorithm 1. Assume that each D2D pair can measure the interference power on different RBs to obtain the feasible RB sets that satisfy the constraint (4e). Let Φ ′ denotes the feasible domain defined by removing the constraints (4d)-(4f). Then, the corresponding optimization problem can be written in the following equivalent form
where
x i,j min{0, P max − P i,j } ϕ 1 and ϕ 2 denote the penalty factors, and they should be set as large as possible. Then, (7) can be rewritten as
Algorithm 1 Iterative Resource Allocation and Power Control Algorithm • Step 1: Initialization: s = 1, q s = 0.
• Step 2: For the given q s , solve the following optimization problem to obtain x ′ i,j and P
C. The Novel Two-Layer Joint Resource Allocation and Power Control Scheme
By taking advantage of the constraints (4a)-(4c), we introduce the following theorem.
Theorem 2: The optimal solutions of the power values P i,j of the optimization problem in (9) must be the optimal solutions of the optimization problem max
Proof: By exploiting the constraints (4a) and (4b), the optimal solutions of the power values P i,j of the optimization problem in (9) must be the optimal solutions of the following equivalent optimization problem
where j(i) ∈ M. According to the constraint (4c), if i = i ′ , then j(i) = j(i ′ ). Consequently, the optimization problem in (10) can be further expressed in the following equivalent N d independent optimization problems
This completes the proof. It can be seen from Theorem 2 that the original twodimensional nonconvex optimization problem can be transformed into two separate optimization problems in each iteration. Therefore, we propose a novel two-layer joint resource allocation and power control scheme to obtain the optimal solutions. In the first layer, each D2D pair just needs to determine the maximum value of f i,j (P i,j ) on the candidate RBs constrained by (4e), and the corresponding power value can then be determined. In the second layer, in order to maximize the EE and avoid the interference among D2D pairs, each RB will be allocated to one D2D pair according to the results of the first layer.
In the above discussions, the loss of CUs' rates caused by the D2D users is not taken into consideration. In the following, both the case without considering the loss of CUs' rates and that for considering it will be studied. Definẽ
where the second term in the right hand side of (12) denotes the loss of the k-th CU's rate, h k,j denotes the channel gain between the k-th CU and the BS on the j-th RB, and h i,B denotes the interference channel gain between the transmitter of the i-th D2D pair and the BS. Considering the loss of CUs' rates, we just need to replace R(P i,j ) withR(P i,j ), and replace f i,j (P i,j ) with θ i,j (P i,j ). We remark here that, although there is no constraint on the interference produced towards CUs from D2D users due to P i,j and h i,B in the original EE optimization problem as formulated in (4), it has actually been constrained implicitly through the third term in the right hand side of (12) in the modified EE optimization problem in the case for considering the loss of CUs' rates. We also remark here that, by substracting the loss of the CU's rate from the rate of the considered D2D pair as shown in (12) and replacing R(P i,j ) withR(P i,j ) in the EE of D2D communications as defined in (3), both the influence of the resource to the rate of CUs and that to the EE of D2D users are taken into consideration in the modified EE optimization problem.
1) The First Layer (Power Control):
When the loss of CUs' rates is not considered, by taking derivative of f i,j (P i,j ) with respect to P i,j and considering the constraints (4d) and (4f), the optimal transmit power P * i,j can be obtained as follows (14) Note that if the above solution is less than the leftmost limit of the constraining interval in (14) , then it means that the minimum rate requirement cannot be satisfied to achieve the maximum EE. If the above solution is greater than the rightmost limit of the constraining interval in (14) , then it means that the maximum transmit power requirement cannot be satisfied to achieve the maximum EE. If the leftmost limit is greater than the rightmost limit of the constraining interval in (14) , then it means that the minimum rate requirement cannot be satisfied even the maximum transmit power is used.
When the loss of CUs' rates is considered, taking derivative of θ i,j (P i,j ) with respect to P i,j and considering the constraints (4d) and (4f), we have
Then, the maximum value of θ i,j (P i,j ) can be obtained. (16) can be written in the following equivalent cubic equation
whose coefficients are shown in (17a)-(17d). Let
According to the value of y N , there are three cases for the solution of (17) [21] . If y N > h 2 , one real root exists
If y N = h 2 , two real roots exist
2 , three real roots exist
where ρ = 1 3 arccos(−y N /h). With all the possible candidate optimal power values for the three cases, the optimal transmit power P * i,j can be readily obtained.
2) The Second Layer (Resource Allocation): Let ξ i,j (P * i,j ) = f i,j (P * i,j ) in the case without considering the loss of CUs' rates. Let ξ i,j (P * i,j ) = θ i,j (P * i,j ) in the case
for considering the loss of CUs' rates. Then, the optimization problem in the second layer can be shown as follows
It can be seen that the above optimization problem is a classical resource allocation problem with single allocation format, which admits a network flow formulation so that it can be solved to optimality [22] , and it also belongs to the assignment problem, which can be solved by Hungarian method or brand and bound method [23] . Note that our proposed two-layer joint resource allocation and power control scheme can achieve the optimal solution of the original mixed combinatorial and nonconvex optimization problem, and that the original two-dimensional optimization problem is also transformed to two separate optimization problems which can be solved with low complexity. Clearly, a centralized approach has been assumed in this paper. This would certainly incur the necessary signaling overhead, and the impact of such overhead will be an interesting issue for future research.
IV. SIMULATION RESULTS
In this section, the performance of the proposed joint resource allocation and power control scheme is evaluated via simulations. The EE per Hz is considered in the simulation. The corresponding simulation parameters [24] are shown as follows: the cell radius is 500m, the pathloss constant κ = 10 −2 , the pathloss exponent χ = 4, the standard deviation of the shadowing is 8dB, the noise spectral density is174dBm/Hz, P max = 0.1W, N c = 16, M = 16, ε = 0.0001. In the following, for description convenience, we set the average received powers at the BS from the CUs to be the same, i.e., P k,B = P B , ∀k ∈ L. In a real scenario, different users may have different traffics and different QoS, and cell edge users in general are assigned lower target received powers. However, we know that the locations of CUs in the cell are generally different, and that the distances and the channel conditions between CUs and the BS are almost always different. According to (1) , the transmit powers of the CUs, P k,j , are generally different no matter whether the average received powers at the BS, P k,B , are at the same level or not. Correspondingly, the interference from CUs towards D2D users is different, too. Therefore, whether the received power levels at the BS from CUs are the same or not has no impact on the proposed joint resource allocation and power control scheme.
In Figure 2 , we show the performance comparison between the proposed scheme and the schemes in [6] and [8] . The scheme in [6] is rate adaptive and the scheme in [8] is margin adaptive. In [6] , maximizing throughput is equivalent to solve the optimal solution of a binary function. In [8] , the next bit is allocated to the subcarrier whose power increment in each loop is minimal. Studying the curves in Figure 2 , we can observe that the proposed scheme, which optimizes the measure used, can greatly improve the EE of D2D communications compared with the schemes in [6] and [8] , which optimize different measures. Note here that the complexity of the proposed scheme is O (N d M ) , and the complexities of the schemes in [6] and [8] 
, where R i denotes the required bits to be transmitted by the i-th D2D pair. We can see that our proposed scheme has polynomial complexity in regard to problem scale N d and M , which facilitates the practical implementation. It can also be observed from the figure that the EE of all the considered schemes decreases slightly with the increase of P B /N 0 , which is due to the increased interference power from CUs to D2D pairs. Another interesting observation is that the value of P B /N 0 affects the EE to a small degree, and the reason is that the allowed interference from the considered CU sharing the same resource with the corresponding D2D pair is constrained to be smaller than a certain threshold.
In Figure 3 , the EE of the proposed scheme versus the number of iterations with different N d is illustrated. It can be observed that the EE increases with the number of D2D pairs. It is obvious that the larger the number of D2D pairs, the larger the EE of the proposed scheme. It can also be observed that only 2 iterations are required to converge to the optimal EE for the considered simulation scenario.
In Figure 4 , we show how the distance between the users in one D2D pair affects the EE of the proposed scheme. It can be observed that the EE decreases with the increasing of the distance between the D2D users. The reason is that the fading increases with the distance between the D2D users. As the distance between the users in one D2D pair increases from 10m to 100m, the EE decreases about 66.7%. It is obvious that the distance between the D2D users has a great influence on the performance of the proposed scheme.
In Figure 5 , we illustrate the EE of the proposed scheme versus γ i (the minimum rate requirement of each D2D pair) with different N d . It can be observed that there exists a saturation point beyond which the EE no longer increases with γ i , and it shows that the minimum rate requirement influences the optimal transmit power value. This observation is helpful for the optimal energy efficient designs. We would like to remark here that the relationship between the minimum rate requirement and the EE of D2D users is coincident with that between the transmission rate and the EE of D2D users for a given system. There is a certain relationship between the transmission rate and the EE of D2D users. The EE of D2D users is defined as the ratio of the transmission rate of all D2D users and the total energy consumption. The transmission rate of D2D users is the sum of log functions, and the incremental rate of log function decreases with the increase of the D2D transmit power. However, the incremental rate of the energy consumption is unchanged with the D2D transmit power. Correspondingly, when the incremental rate of log function is greater than that of the energy consumption, the EE of D2D users increases with the D2D transmit power. Otherwise, the EE of D2D users decreases with the D2D transmit power. Therefore, the EE of D2D users first increases then decreases with the D2D transmit power and also the transmission rate of D2D users. We can see from the third term in the right hand side of (12) that the transmission rate of the considered CU by considering the influence of the corresponding D2D pair obviously decreases with the D2D transmit power. Combined with the above analytical results, the relationship between the EE of D2D users and the transmission rate of CUs can be readily established. Clearly, there exists a tradeoff between the EE of D2D users and the transmission rate of CUs. If we focus on the EE of D2D users, the optimum P i,j can be chosen, which incurs certain rate loss to CUs. On the other hand, if we give priority to the transmission rate of CUs, P i,j should be selected to be as small as possible, which may result in a lower EE for D2D users.
V. CONCLUSIONS
In this paper, we have formulated the resource allocation and power control for energy efficient D2D communications under- laying cellular networks as a nonconvex optimization problem. By exploiting the properties of fractional programming and penalty function, an efficient iterative joint resource allocation and power control scheme has been derived to maximize the EE of D2D communications. Simulation results have shown that the proposed scheme achieves remarkable improvements in terms of EE.
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